Abstract | Parathyroid hormone/parathyroid hormone-related protein receptor (PTH/PTHrP type 1 receptor; commonly known as PTHR1) is a family B G-protein-coupled receptor (GPCR) that regulates skeletal development, bone turnover and mineral ion homeostasis. PTHR1 transduces stimuli from PTH and PTHrP into the interior of target cells to promote diverse biochemical responses. Evaluation of the signalling properties of structurally modified PTHR1 ligands has helped to elucidate determinants of receptor function and mechanisms of downstream cellular and physiological responses. Analysis of PTHR1 responses induced by structurally modified ligands suggests that PTHR1 can continue to signal through a G-protein-mediated pathway within endosomes. Such findings challenge the longstanding paradigm in GPCR biology that the receptor is transiently activated at the cell membrane, followed by rapid deactivation and receptor internalization. Evaluation of structurally modified PTHR1 ligands has further led to the identification of ligand analogues that differ from PTH or PTHrP in the type, strength and duration of responses induced at the receptor, cellular and organism levels. These modified ligands, and the biochemical principles revealed through their use, might facilitate an improved understanding of PTHR1 function in vivo and enable the treatment of disorders resulting from defects in PTHR1 signalling. This Review discusses current understanding of PTHR1 modes of action and how these findings might be applied in future therapeutic agents.
Introduction
Parathyroid hormone/parathyroid hormone-related protein receptor (PTH/PTHrP type 1 receptor; commonly known as PTHR1) is a family B G-proteincoupled receptor (GPCR) that is expressed primarily in bone, kidney and cartilage but also in other tissues including the vasculature and certain developing organs.
1 PTHR1 couples to several intracellular signalling pathways and transmits stimuli provided by two different naturally occurring polypeptide ligands: PTH, which is secreted from the parathyroid glands; and PTHrP, which is secreted from a diverse range of tissues. 2 Although both PTH and PTHrP signal via the same receptor, the biological functions of the two ligands are distinct, as PTH acts in an endocrine manner on bone and kidney cells to regulate blood levels of calcium and phosphate, whereas PTHrP acts in a paracrine manner within develop ing tissues, such as the skeletal growth plate, to regulate cell differentiation and prolifer ation. 2 The overall nature of the biological response resulting from activation of PTHR1, in terms of signal identity, magnitude and duration is determined by many variables, such as the structure of the bound ligand, the type of target cell and the prevailing homeostatic condition of the organism. Activation of PTHR1 in different cell types initiates distinct biochemical and cellular responses: activation of PTHR1 in osteoblastic cells and chondro cytes modulates rates of proliferation and apoptosis, and production of a variety of signalling factors involved in bone and cartilage metabolism. 3, 4 Conversely, activation of PTHR1 in renal tubule cells modulates the expression and function of proteins involved in transmembrane mineral ion transport. 5 Regulation of the overall response to PTHR1 activation that occurs within an organism is achieved via processes operating at several levels, which include intracellular mechanisms of receptor desensi tization, 6, 7 systemic feedback loops that control hormone release, 8 and metabolic clearance and destruction mechanisms that remove the peptide hormone from the circulation. 9 Despite numerous mechanisms regulating the activity of PTHR1, dysregulation can occur and cause serious physiological consequences.
This Review aims to provide a link between structural features of PTHR1 ligands and receptor function at the biochemical, cellular and organismal level. We present an initial overview of the fundamental aspects of ligand-binding and signalling mechanisms of PTHR1, highlighting the relationship between ligand structural modification and variation in PTHR1 sig nalling responses. We explore new findings relating to the emerging model of noncanonical PTHR1signalling, which involves novel modes of action and termination within endosomes. The importance of such signalling mechanisms in the context of disease states in which PTHR1 function has an important role is also discussed.
PTHR1 ligand binding and signalling
Functional domains of PTH and PTHrP ligands PTH and PTHrP exhibit similar propensities for initi ating signalling through various intra cellular pathways, 10, 11 and in many cases stimulate comparable responses in tissues when administered exogenously. 12 PTHR1 signals primarily by coupling with the Gα S -adenylyl cyclase-cAMP-protein kinase A (PKA) intracellular signalling pathway, but can also couple to the Gα q -phospholipase C (PLC) β-inositol triphosphate-cytoplasmic Ca 2+ -protein kinase C pathway, 13 the Gα 12/13 -phospholipase D-transforming protein RhoA pathway, 14 and the β-arrestin-extracellular signal-regulated kinase 1/2 (ERK1/2) pathway. 15, 16 N-terminal fragments consisting of the first 34 residues of PTH and PTHrP are generally thought to contain the key functional determinants of receptor interaction present in the corresponding full-length, mature polypeptide chains, which contain 84 and 141 amino acid residues, respectively. PTH and PTHrP are distinct among the family B peptide ligands in containing extended C-terminal segments. The bio logical roles of these segments remain obscure, although some functional responses have been identified, such as a capacity of fragments corresponding to the C-terminal portion of PTH to induce pro-apoptotic effects in osteo cytes 17 and of fragments encompassing the mid-region of PTHrP, which contains a nuclear localization sequence, to induce proliferative effects on bone and vascular smooth muscle cells through an intracrine mechanism. [18] [19] [20] Such effects of the C-terminal ligand fragments probably do not involve PTHR1, but rather some other receptors or protein mediators that have yet to be identified. Two-site model of ligand binding at PTHR1 Ligand structure-activity relationship and receptor mutagenesis studies indicate that the bioactive PTH and PTHrP(1-34) peptides each interact with PTHR1 via a two-component mechanism. 21 Thus, the C-terminal portion of PTH(1-34) (approximately corresponding ligand-receptor complexes located in endosomes, which suggests mechanisms of signal generation and termination distinct from those described by traditional G-protein-coupled receptor models ■ Consideration of ligand-based mechanisms that control signal duration provide insight into the processes of receptor dysfunction, as wells as guidance for addressing PTHR1-related diseases ■ Identification and incorporation of specific structural features that promote or prevent long-lasting biological responses hold promise for the design of treatments for hypoparathyroidism and osteoporosis, respectively to residues 15-34) interacts with the amino-terminal extra cellular domain of PTHR1 (site 1), 22 whereas the N-terminal portion (approximately corresponding to residues 1-14) interacts with the transmembrane helices and extracellular connecting loops (site 2). 23, 24 The inter actions with site 1 provide the majority of the energetic drive for binding, 25, 26 whereas contacts with site 2 induce the conformational changes in the receptor that initiate intra cellular signalling. 27, 28 Crystallographic characterization of PTH(15-34) 29 and PTHrP(12-34) 30 peptides bound to the isolated extracellular domain of PTHR1 show a helix-into-cleft motif, with the α-helical ligand domain making extensive contacts with the receptor extracellular domain. Hydrophobic residues aligned along one face of the ligand helix-that is Trp23, Leu24 and Leu28 in PTH, or Phe23, Leu24 and Ile28 in PTHrP-have key roles in determining overall binding affinity for the ligand, presumably via interactions with complementary hydrophobic surfaces along the receptor cleft. Compared with that of PTH, a slight bend in the C-terminal portion of the bound PTHrP helix exists. The interactions at site 2 are less well defined than that at site 1, as no crystal structures for this transmembrane domain of PTHR1 have yet been reported. The recently reported crystal structures of the transmembrane domains of two other family B GPCRs, the glucagon receptor 31 and the corticotropin-releasing factor receptor 1 32 are promising developments in this regard. A large, extracellularly exposed V-shaped cavity is visible in each of these structures, which presumably accommodates the N-terminal portion of the cognate peptide ligand. 33 For PTHR1, extensive studies using photo affinity crosslinking and mutational analysis suggest that multiple residues near the N-terminus of the ligand participate in the inter action with the transmembrane domain, with the residues at positions 2, 5 and 8 (which are Val-Ile-Met in PTH and Val-His-Leu in PTHrP) having particularly important roles in binding and/or inducing signal transduction. 27, 34 Altered signalling of PTHR1 ligands Pathway selective agonists and antagonists Results from early structure-activity relationship studies on PTH have revealed that the ligand's first few N-terminal residues have critical roles in signalling. 35 These studies, therefore, provide guidance for the identification of novel PTH and PTHrP analogues with activity profiles that are different to those of the prototype peptides. Deletion of residues 1-6 from the PTH(1-34) scaffold produced analogues that no longer activate signalling via the cAMP-PKA pathway, but instead, function as competitive antagonists of PTHR1-mediated cAMP signalling. 36 Further modification of the PTH scaffold at residue position 12 produced an analogue, DTrp 12 -PTH , which in addition to competitively antagonizing cAMP signalling at PTHR1, 37 also acts as an inverse agonist and consequently reduces basal cAMP signalling at certain constitutively active PTHR1 variants. 38 Other PTH and PTHrP ligand analogues modified at residue position 1 have been developed that preferentially activate Gα S -cAMP signalling over Gα q -PLC-β signalling. 10, 16, 39, 40 In addition to the antagonist and inverse agonist activities of DTrp 12 -PTH(7-34) on Gα S -cAMP signalling, this peptide has also been reported to partially activate the β-arrestin-ERK1/2 pathway in transfected HEK-293 cells 41 and, thus, functions as a so-called 'biased agonist' . 42 These initial cell-based studies were followed by in vivo experiments performed in mice lacking β-arrestin-2. 41 However, in two other studies that were performed in different cell types, including PTHR1-transfected HEK-293 and Chinese hamster ovary cells, as well as the human osteoblastic cell line U2OS, no evidence was found to indicate that DTrp 12 -PTH(7-34) activates the β-arrestin-ERK1/2 pathway, 10, 43 despite the initial findings that suggested that this analogue has some ability to selectively activate β-arrestin-2 in preference to Gα S -cAMP signalling. The apparent inconsistencies between these reports highlight a potential role for external factors, such as those relating to cellular context, that determine the signalling selectivity profile of any given PTH or PTHrP ligand. Indeed, certain scaffolding proteins that interact with PTHR1, and are expressed in some cell types but not in others, have been shown to alter PTHR1 signalling. 44 In particular, members of the Na + /H + exchange regulatory cofactor (NHERF) family regulate PTHR1 signalling by selectively promoting receptor coupling to the Gα q -PLC-β signalling pathway. [45] [46] [47] Assessment of the selectivity of ligands for PTHR1 and other GPCRs in biologically relevant cell types is, therefore, important to accurately relate a particular ligand-induced response to activation of one signalling pathway over another.
Extension of the biased-agonist concept Ligand analogues that preferentially activate a distinct subset of the intracellular signalling responses that are usually activated by the parent ligand are known as 'biased agonists'; these ligands are thought to achieve their selectivity by stabilizing distinct receptor conformations. 42, 48 By selectively activating certain pathways while not activating or inhibiting others, biased agonists can be useful to understand the contribution of specific signalling pathways to downstream responses in both the cell and the whole organism. These agonists might also enable the prospect of achieving 'tailored' results in vivo, such that the application of biased agonists might improve our understanding of basic receptor function and enable development of new therapeutics that have minimal adverse effects. 49 Most research on the biased agonism of GPCRs has focused on connections between ligand structure and the efficacy of coupling to different intracellular effector systems. However, for PTHR1, 50 as well as for several other GPCRs, [51] [52] [53] [54] new research has provided compelling evidence for the importance of ligand-directed alterations in both spatial and temporal signalling, which contributes to the overall biological response. Such alterations in the duration and cellular localization of signalling, enabled by use of ligands that stabilize specific receptor conformations, can also be considered biased agonism. 55 Ligand binding to discrete PTHR1 conformations Findings made using PTH and PTHrP ligand analogues support the notion that intracellular signalling responses activated by structurally distinct PTHR1 ligands might differ by the type of signalling pathway activated and the duration of the response, in addition to its subcellular locali zation. Initial studies comparing PTH with PTHrP ligands were prompted by the reported differences in biological function of the endogenous ligands (that is, endocrine versus paracrine), and by studies in humans, in which differences in the responses mediated by exo genously administered PTHrP(1-36) and PTH , such as an apparent reduced capacity of the former ligand to stimulate increases in blood levels of 1,25-dihydroxyvitamin D 3 and calcium, were found. [56] [57] [58] Membrane binding assays developed to evaluate the affinity of ligands for PTHR1 in conformations formed upon coupling to a hetero trimeric G protein (R G conformation) or when PTHR1 is not coupled to a G protein (R 0 conformation) provided the initial clues that structurally distinct PTH and PTHrP analogues can bind with altered affinities to the different receptor confor mational states. 59 Direct comparative studies of PTH and PTHrP demonstrated that although these two peptides maintain similar affinity for the R G state, they do not have the same affinity for the R 0 state, with PTH(1-34) displaying a fourfold higher affinity for R 0 than PTHrP(1-36). 60 The functional consequences of this altered selectivity were revealed in cAMP assays. PTH(1-34) and PTHrP(1-36) had similar potencies in conventional cAMP dose-response assays (in accordance with their similar affinities for the R G state and a Gα S -mediated mechanism of intracellular cAMP production). However, the duration of the responses induced by the two ligands (assessed using a time-course washout assay) was different, with PTH(1-34) showing a more prolonged response than PTHrP . 60 This difference was particularly apparent when the analogues were assessed using a kinetic, Förster resonance energy transfer (FRET)-based approach to detect changes in cellular cAMP levels at times following 'washout' of unbound ligand. 60, 61 The kinetic FRET reporter assays were performed in PTHR1-transfected HEK-293 cells, but the conclusion that PTH(1-34) forms more stable complexes with PTHR1 than PTHrP(1-36) was supported by additional evidence. Accumulation of cAMP was directly measured in an LLC-PK1 cell line (HKRK-B64), which expressed the transfected PTHR1 at relatively low levels (~90,000 receptor molecules per cell), as well by direct binding assays conducted in membranes prepared from ROS17/2.8 cells, an osteoblast-like cell line that expresses only the endogenous PTHR1. 60 In general, the duration of the cAMP responses observed in the cell-based studies correlate with the different affinities that PTH and PTHrP(1-36) exhibit for the R 0 state, rather than with their affinities for the R G state, as assessed in membrane assays. As the R 0 state is not coupled to a G protein and, hence, is inactive with regard to cAMP signalling, we can presume that although R 0 complexes are fairly stable over time they can isomerize REVIEWS to a functional G-protein-coupled state. Indeed, in additional FRET-based studies using PTHR1 and G-protein constructs fused with fluorescent proteins, the prolonged cAMP signalling induced by a ligand that binds tightly to the R 0 state is accompanied by a prolonged association between PTHR1 and stimulatory G S proteins. 61 The molecular basis by which PTH(1-34) forms more stable complexes with PTHR1 than PTHrP(1-36) is not well understood. Both ligands probably associate with PTHR1 via a similar two-component binding mechanism (as outlined earlier), 28 and form overlapping, yet nonidentical, sets of specific intermolecular contacts. 30 Using the FRET approach, PTH(1-34) and PTHrP(1-36) were both shown to bind to PTHR1 with similar association kinetics. 61 However, whereas PTHrP(1-36) dissociated completely from the receptor, a substantial fraction of the PTHR1-PTH(1-34) complexes remained associated over the duration of the experiment (several minutes). 61 Such results support the notion that PTH(1-34) forms intrinsically more stable complexes with the receptor than PTHrP . One key structural determinant of R 0 versus R G affinity that differs between PTH and PTHrP ligands can be traced to the identity of the residue at position 5; thus, replacing His5 in PTHrP(1-36) with the corre sponding isoleucine of PTH markedly enhances affinity for R 0 and extends the duration of the cAMP signalling response induced in target cells. 60 
Prolonged signalling by modified PTH analogues
The correlation between PTHR1 R 0 affinity and the duration of intracellular cAMP responses observed for PTH and PTHrP analogues led to the hypothesis that PTHR1 ligands with improved R 0 affinity might stimulate an even longer cAMP response than PTH . A number of such ligands were identified in a series of PTH analogues containing several side-chain modifications known to enhance receptor affinity. 62, 63 Compared with PTH(1-34), such modified PTH (M-PTH) analogues exhibit enhanced affinity for R 0 and, as a result, induce cAMP responses in cells that last for several hours or more after initial binding. 62, 63 Moreover, when injected into mice, these analogues induced markedly protracted calcaemic and phosphaturic responses. 63 These prolonged biological responses were not accompanied by prolonged persistence of the peptide in the bloodstream, which suggests that the prolonged responses were not due to altered pharmacokinetics but, rather, to altered receptor binding and signalling dynamics in target cells.
Interestingly, the prolonged mode of binding observed for these modified PTH ligand analogues seems to mimic, in many respects, the pseudo-irreversible mode of binding that is the mechanistic basis underlying the extended efficacies of several approved pharmaceuticals. 64 Prolonged drug-target residence time, which frequently correlates with extended biological efficacy, is identified experimentally by slow dissociation of the ligand from the receptor. Prolonged drug-target residency has been demonstrated for a number of small molecule antagonist ligands that act on several members of the family A of GPCRs. 65 However, this phenomenon has not generally been investigated for peptide agonists acting on members of the family B of GPCRs, 66 with the exception of a 2014 study on the binding of salmon calci tonin to the human calcitionin receptor. 54 The findings made with salmon calcitonin and with the long-acting PTH analogues suggest that such mechanisms of pseudo-irreversible binding and prolonged drug efficacy might extend to peptide agonists that act on members of the family B of GPCRs. Such molecules might indeed have therapeutic implications, particularly, for PTH analogues and the treatment of hypoparathyroidism.
Mechanisms of prolonged PTHR1 signalling cAMP signalling and receptor internalization
The initial pharmacological and biological observations made with the conformationally selective long-acting PTH analogues suggested that an uncharacterized fundamental mechanism of PTHR1 action might be at play, particularly with regards to receptor trafficking and signal termin ation. 63 Live-cell confocal microscopy studies performed in HEK-293 cells revealed that, within several minutes of initial binding, most of the PTH(1-34)-PTHR1 complexes co-localize with Gα S and adenylyl cyclases in early endosomes. 61 Given that cAMP signalling could still be robustly detected over the same time frame, this finding suggested an apparent temporal correlation between the persistent formation of cAMP and the bulk localization of ligand-receptor complexes to within the endosomal compartment. This finding led to the hypothesis that at least some of the cAMP signal observed in cells after initial PTH binding is the result of peptide-receptor complexes that are located in early endosomes and are functional, despite having been internalized. 61 Although this model of endosomal PTHR signalling has not been unequivocally established by direct observation of cAMP production at an endosome, the model is supported by experiments in which inhibition of receptor internalization (achieved by transfecting PTHR1-expressing cells with dominant-negative variants of dynamin, a protein required for vesicle formation, or RAB5, a protein required for early endosome development) shortens the duration of the cAMP response induced by PTH(1-34). 61, 67 A key question that arises from the aforementioned observations made with PTH ligands and PTHR1 concerns the capacity of the ligand to remain associated with the receptor within endosomes. The persistent association of fluorescently-tagged PTH ligands and receptors observed throughout the internalization process via livecell confocal microscopy 61 suggests that the overall rate of receptor internalization is comparable to or faster than the rate of dissociation of the ligand-receptor complex. Once PTH and PTHR1 are internalized into an endosome they are confined together within the same limited volume (8 × 10 -19 m 3 ; equivalent to 800 attolitres per endosomal vesicle), 68 which leads to a local concentration of ligand (2 nM) comparable to the equilibrium dissoci ation constant for the interaction of PTH with PTHR1 (1 nM), 69 based on the assumption of one molecule of peptide per endosome. Accordingly, PTHR1 internalized with PTH is probably continually engaged by PTH within an endosome, as long as PTH retains the ability to remain bound to, and/or effectively rebind, the receptor during the early phases of endocytosis.
Modes of GPCR signalling and termination
The notion that PTH ligand-induced signalling via Gα S -cAMP can occur from early endosomes is contrary to the classical paradigm of GPCR regulation. 70 In this classical paradigm, agonist-induced G-protein-mediated GPCR signalling is attenuated at the plasma membrane by a process that begins with phosphorylation of serine residues within the intracellular portion of the receptor by G-protein-receptor kinases. The modified serine residues promote recruitment of β-arrestins, which destabilize the interactions with G proteins, induce the dissociation of agonist, and initiate internalization by linking the receptor to the adaptor protein subunits of clathrin-coated pits.
The classical model, therefore, necessitates that receptor internalization correlates temporally with the termination of G-protein signalling. Studies have shown that GPCRs other than the PTHR1, including the thyroid-stimulating hormone receptor, 51 the vasopressin V2 receptor 52 and the α 2 -adrenergic receptor, 53, 71 can also utilize a noncanonical mode of endosomal cAMP signalling. Notably, studies of the α 2 -adrenergic receptor expressed in HEK-293 cells reveal that cAMP signalling from the internalized state is required to induce expression of a considerable proportion of the genes induced by isoproterenol (as shown by the effects of Dyngo, a chemical inhibitor of dynamin and thus also of receptor internalization), on the agonistdependent gene transcription array profile. 71 Moreover, in this study, the activation of a bacterial photo-inducible adenylyl cyclase (bPAC) targeted specifically to the plasma membrane stimulated expression of a smaller set of cAMP-dependent genes than that stimulated by activation of a bPAC construct targeted to the endosomal membrane. 71 Such findings provide additional support for the hypothesis that endosomal cAMP production potentially provides a mechanism of biased signalling that operates at the level of subcellular localization of receptormediated signal generation (Figure 1) . [72] [73] [74] The combined results also highlight the need for further investigation into the biochemical steps and molecular events involved in regulating PTHR1 signalling after initial ligand binding and during movement of the complex along the endocytic pathway.
β-arrestins
The role of β-arrestins in regulating the signalling activity of PTHR1 and its internalization into endosomes was addressed in a series of kinetic studies that applied the optical approaches of FRET, fluorescence recovery after photobleaching, total internal reflection fluorescence and confocal microscopy in live HEK-293 cells expressing PTHR1. 75 In this study, transfecting the cells with β-arrestin-1[IV-AA] (a β-arrestin mutant protein that binds to receptors with enhanced affinity) prolonged the PTH(1-34)-induced cAMP response, compared with that in control cells. Conversely, transfection with siRNAs to reduce β-arrestin-1 and β-arrestin-2 expression shortened the duration of this response, an observation also found in osteoblast-like ROS17/2.8 cells. 75 These results suggest that β-arrestin proteins can extend cAMP signalling at PTHR1 and, therefore, do not solely act to terminate signalling, as would be predicted by the canonical GPCR paradigm.
Two associated observations provide plausible mechanisms by which β-arrestins might promote, rather than terminate, PTHR1 cAMP signalling. First, U0126, an inhibitor of ERK1/2 signalling, shortened the cAMP response to PTH, whereas rolipram, an inhibitor of the cAMP-specific phosphodiesterase-4 (PDE4) family extended the response. 75 These findings suggest that β-arrestins might extend cAMP signalling at PTHR1 by activating ERK1/2, 76 which, in turn, deactivates PDE4 77 and leads to an increase in the accumulation of cAMP. Second, β-arrestin-PTHR1 complexes formed following Nature Reviews | Endocrinology 62, 63 ) can also induce prolonged cAMP responses that are derived from complexes associated within endosomes. The internalized signalling complexes contain β-arrestin, which promotes, rather than terminates cAMP signalling by activating ERK1/2, leading to the inhibition of PDE4 enzymes. 78 Termination of endosomal signalling correlates with an exchange at the complex of β-arrestin for retromer sorting proteins, 75 and is promoted by vATPase-mediated vesicle acidification. The vATPases are activated by cAMP-dependent PKA, and thereby establish a negative feedback loop. 67 PTHR1 activation of cAMP signalling that differs in duration and location of origin within the cell provides a potential mechanism for ligand-directed diversification of cellular responses. [71] [72] [73] [74] Abbreviations: ERK1/2, extracellular signal-regulated protein kinase 1/2; PDE4, phosphodiesterase 4; PKA, protein kinase A; PTH, parathyroid hormone; PTHR1, PTH/PTHrP type 1 receptor; PTHrP, parathyroid hormone-related protein; R 0 , G-protein-independent conformational state; R G , G-protein-dependent conformational state; vATPase, vacuolar H + -ATPase.
addition of a PTH agonist with high R 0 affinity can undergo further association with Gβγ to yield a ternary complex of PTHR1-β-arrestin-Gβγ; this finding suggests that the docked Gβγ might act in a catalytic manner to promote recoupling of Gα S and thereby prolong cAMP signalling. 78 Termination of PTHR1-mediated cAMP signalling The evidence suggesting that β-arrestin association can contribute to longer cAMP signalling by PTH-PTHR1 complexes has prompted additional studies to explore mechanisms specifically responsible for signal termination. By tracking the subcellular movements of fluores cently tagged proteins, termination of cAMP production from PTHR1 complexes was found to correlate tempo rally and spatially with the dissociation of β-arrestin from receptor complexes within the endosome. 75 Moreover, dissociation of β-arrestin coincides with associ ation of PTHR1 complexes with the retromer complex, a penta meric protein assembly involved in later-stage endosomal sorting and retrograde trafficking of vesicles through the Golgi and back to the plasma membrane. 75 The exchange of β-arrestin for the retromer complex coincided with, and was perhaps promoted by, the activation of a negative feedback loop that involved cAMP, PKA and the vacuolar ATPase (vATPase) proton pump, which has a major role in endosome acidification. 67 Consequently, the intra cellular cAMP produced by functional PTHR1 complexes activates PKA, which then phosphorylates and activates vATPase proton pumps, which, in turn, acidify the endo some in a progressive fashion as it moves along the endocytic pathway. 67 Such endosomal acidifi cation generally promotes dissociation of ligands from their internalized receptors 79 and would, therefore, be expected to cause dissociation of PTH-PTHR1 complexes and terminate their signalling. Binding studies performed with isolated membranes containing PTHR1 confirmed that radio labelled PTH(1-34)-PTHR1 complexes dissociate when the buffer is reduced to pH 5.5, which is approximately the pH of later-stage PTHR1-containing endosomes. In complementary studies using HEK-293 cells, inhibition of endosomal acidification by bafilomycin A1 treatment (a vATPase inhibitor) increases the duration of PTH-PTHR1 complex associ ation and the duration of cAMP signalling. Analogous experiments in ROS17/2.8 cells showed that bafilo mycin A1 also promotes prolongation of PTH(1-34)-induced cAMP responses in this osteoblastic cell model. 67 In total, these findings support a model in which at least some of the cAMP signal generated by PTHR1, as activated by agonist ligands, including PTH(1-34), derives from noncanon ical endosomal signalling. In this model, β-arrestin acts to prolong signalling within the endosome by providing a scaffolding function that helps maintain or enable successive rounds of Gα S -protein complex assembly and activation. Termination ultimately results from the exchange of β-arrestin for retromer coinciding with PKA-vATPase-promoted acidification of endosomes.
Further characterization of the biochemical mechanisms that facilitate and regulate PTHR1-mediated Gα S -cAMP signalling within endosomes, and the biologi cal consequences of such signalling for PTHR1, is needed. Endosomal cAMP signalling might potentially have a role in differentiating the biological actions of PTH from those of PTHrP, and possibly helps explain why in clinical testing PTH(1-34) stimulates more enduring increases in serum levels of 1,25-dihydroxyvitamin D 3 , calcium and bone resorption markers than does PTHrP (1-36) . [56] [57] [58] However, additional studies linking differences in downstream actions of PTH and PTHrP (at the proteomic and genomic levels) in diverse target cells to differences in endosomal signalling are required to test this concept. How these mechanisms overlap with or differ from those used by other GPCRs, both family B receptors and those of other GPCR families, will also be of interest. Observations that support endosomal G-protein-mediated signalling by several dissimilar GPCRs 74, 80 suggest that this mode of signalling might not be an atypical feature of only a few GPCRs, but is found more broadly in the GPCR superfamily, and perhaps provides a means to extend and diversify receptor functionality. 74 Conceivably, spatiotemporal differences in PTHR1 signalling properties, which might arise in part from altered degrees of ligand sensitivity to endosomal acidification, could enable this receptor to mediate its diverse catalogue of biological actions. These actions include responding to two distinct endogenous ligands (PTH and PTHrP) and the regulation of multiple processes in widely different target cells, such as osteo blasts, renal tubule cells and developing chondrocytes in skeletal growth plates. Future efforts to characterize and modulate the endosomal signalling capacity of PTHR1 at the ligand level might identify agents with useful thera peutic profiles, especially for treating hypoparathyroidism or osteoporosis.
PTHR1 in disease
PTHR1 function and pathological diversity Dysregulation of PTHR1 activity occurs via a number of mechanisms and can lead to diverse pathologies (Table 1) . PTHR1 is highly expressed in bone, kidney and growth plates, and in other tissues is expressed at lower levels at various times throughout development. 1 PTHR1 expression in adult animals in bone and in the kidney is critically associated with homeostatic maintenance of blood calcium levels via the actions of PTH released from the parathyroid gland. 8 This function is quite distinct from that mediated by PTHR1 in developing tissues, in which the regulation of proliferation and differentiation of primordial cells, such as chondrocytes in skeletal growth plates, and those leading to organo genesis of skin, mammary glands and teeth is the main function. 81 Fetal expression of PTHR1 is linked both spatially and temporally with expression of PTHrP, which is consistent with the paracrine function of this ligand to stimulate precisely timed morphogenic responses between neighboring cells during development. 82 ,83
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As a consequence of such diverse biological involvement, dysfunctional and unregulated signalling at PTHR1 is associated with several disorders in humans (Table 1) . Since the original identification and assignment of PTHR1 as the cognate receptor for PTH and PTHrP in the early 1990s, 13, 84 researchers have investi gated how regulated, receptor-mediated signalling responses promote homeostasis, and how disruption of these processes causes disease. Mechanistic studies of PTHR1 signalling described in the previous sections provide an expanded framework in which the efficacy of various approaches for treating diseases of PTHR1 dysregulation can be evaluated. Improved understanding of the connections between PTHR1 ligand structure and alterations in ligand activity might thus facilitate efforts to develop new receptor ligands tailored to treat receptor-associated diseases, particularly hypoparathyroidism and osteoporosis.
Mutations in PTHR1
Loss-of-function mutations in the gene encoding PTHR1 result in receptor variants that are poorly expressed or are unable to efficiently bind and/or respond to PTH or PTHrP. Homozygous expression of inactive PTHR1 variants is associated with Blomstrand's neonatal lethal chondroplasia (Table 1) . 85 Heterozygous expression of such receptor variants is also observed in enchondromas in patients with Ollier's disease 86 and is associated with familial primary failure of tooth eruption (Table 1) . 87 Gain-of-function receptor variants for which ligand binding is not required for activation of signal transduction have also been identified. 88 Heterozygous expression of such constitutively active PTHR1 variants causes a rare, dominant disorder known as Jansen's metaphyseal chondrodysplasia (Table 1) . 89 Eiken syndrome, a recessive disorder observed solely within one consanguineous 
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family, manifests as a phenotype with some similarities to Jansen's metaphyseal chondroplasia and is proposed to result from expression of a PTHR1 variant with elevated constitutive receptor activity (Table 1) . 90 In some cases, the pathological conditions resulting from a PTHR1 mutation might be amenable to treatment with agents that normalize receptor function. In particular, PTHR1 ligand analogues, such as DTrp 12 -PTH(7-34), which can inhibit basal signalling at con stitutively active receptors and, therefore, function as inverse agonists 38, 91 could potentially be helpful in pre venting and/or correcting the developmental and homeo static abnormalities occurring in patients with Jansen's metaphyseal chondroplasia.
Overabundance of PTHR1 ligand Abnormal physiological states caused by elevated PTHR1 signalling are not usually linked to mutations within the gene encoding the receptor; a more common source of receptor hyperactivation results from overprod uction of PTH or PTHrP. Aberrant function of chief cells in the parathyroid gland can result in over production of PTH, which leads to primary hyperpara thyroidism (Table 1) . 92 Some types of cancerous cells also over produce PTHrP that is released into the circulation, which results in a disorder known as humoral hypercalcaemia of malignancy (Table 1) . 93 Blocking the activity of excess circulating PTH or PTHrP at PTHR1 should ameliorate the pathological consequences of primary hyperparathyroidism and humoral hyper calcaemia of malignancy. This objective has been pursued using agents that bind to PTHR1 ligands and prevent their association with the receptor (that is, anti bodies directed against PTHrP) or agents that bind to the receptor and prevent the binding and activity of agonists (that is, competitive antagonists of PTHR1 signalling). PTHrP antibodies have been shown to reduce serum levels of calcium in mice transplanted with PTHrP-producing tumours 94 and have been investi gated as potential therapeutic modalities for treating humoral hypercalcaemia of malignancy. 95, 96 Competitive antagonists of PTHR1 signalling, such as DTrp 12 -PTH(7-34) are of interest for their potential activity in treating primary hyperparathyroidism induced hyper calcaemia. Analogues of DTrp 12 -PTH(7-34) can inhibit PTH-induced cAMP responses in cells 37 and calcaemic responses stimulated by exogenous PTH(1-34) in rats. 97 However, trials in patients with hypercal caemia owing to primary hyperparathyroidism revealed a complete lack of efficacy for such a DTrp 12 -PTH(7-34) analogue in reversing hypercalcaemia. 98 The reasons for this lack of efficacy in patients is unclear; however, the prevailing high levels of endogenous PTH, as well as a capacity of the agonist to form persistent complexes with PTHR1 and engage in endosomal signalling, would probably counteract the processes of competitive inhibition. Indeed, in the rodent studies in which DTrp 12 -PTH(7-34) inhibited PTH(1-34)-induced calcaemic responses, the animals were rendered surgically deficient for endogenous PTH, and effective inhibition required that the antag onist be administered 1-2 h before administration of the PTH(1-34) agonist and at a 10-200-fold molar excess. 97 Deficiency of PTHR1 ligand PTHR1 signalling deficiency, typically caused by mutation-induced alterations in PTHrP structure or reduced concentrations of circulating PTHR1 ligands, is associ ated with specific anatomical and physiological disorders. Specific mutations in PTHLH (which encodes PTHrP) result in an auto somal dominant developmental disorder known as brachy dactyly type E (Table 1) . 99 The presence of abnormally low levels of endogenous PTH, known as hypoparathyroidism, is caused by deficient release of bio active PTH by the parathyroid glands in response to low levels of blood calcium (Table 1) . 100 The use of PTH peptides as hormone-replacement therapy holds considerable promise for the treatment of hypoparathyroidism, 101 as recombinant PTH(1-84)-known as Natpara-was approved by the FDA in the USA as the first PTH-based therapy for this disease. 102 However, a substantial challenge for any treatment of hypoparathyroidism is the need to maintain blood calcium levels at normalized steady-state levels, continuously throughout the day and in the face of fluctu ating dietary intake of calcium and vitamin D 3 , to mimic the homeo static conditions occurring in people who have normal parathyroid function. The overall effectiveness of the hormone-replacement approach, which typically involves a daily subcutaneous injection of an unmodified PTH peptide, 101 can therefore be limited by the relatively short bloodstream half-life of PTH peptides, such that undesired variations in blood calcium levels might occur. PTH(1-34) delivery via an implanted pump mechanism has been investigated as one means to overcome this limitation. 103 The development of long-acting PTH analogues represents another potential approach for treating hypoparathyroidism, for which agents that can normalize blood calcium levels for extended periods, if not continuously, are needed. Analogues of PTH, such as M-PTH , that have prolonged bioactivity in cells and animals by targeting the R 0 conformation of PTHR1 might be useful in this regard. M-PTH(1-34) induces prolonged cal caemic responses in animals (Figure 2a) , 63 effects that are not due to prolonged bioavailability in the blood stream (Figure 2b ), but rather to pseudo-irreversible binding to PTHR1 (specifically the R 0 conformation) in target tissues. A related, R 0 -targeting PTH/PTHrP hybrid peptide derivative, called long-acting PTH (LA-PTH), has particularly prolonged calcaemic actions in animals, and is therefore of considerable interest as a potential treatment alternative for hypoparathyroidism. 62 However, whether such a ligand can achieve the desired normalization of calcium levels, particularly given the challenges posed by variations in dietary intake of calcium and vitamin D 3 remains to be proven.
An alternative PTH ligand-based strategy for achieving prolonged actions in vivo involves the introduction of structural modifications to the PTH ligand that fortify the peptide scaffold against metabolic breakdown by endogenous protease enzymes. A series of PTH ana logues have been generated that contain a number of β-amino acid substitutions that extend the peptide backbone by one methylene unit at each substituted position while leaving the residue side chain unaltered. A number of these peptides have receptor recognition properties that are comparable to that of natural PTH, while also exhibiting enhanced stability in the presence of isolated proteases. 104 One such backbone-modified PTH analogue (known as D6) induced a long-lasting calcaemic response in mice (Figure 2c) , which was likely facilitated by the substantially prolonged bloodstream bioavailability of this derivative compared with PTH(1-34) (Figure 2d) . 104 This strategy of introducing stability-enhancing backbone modifications into PTH ligands, and that of selectively targeting a ligand analogue to a specific PTHR1 conformation (that is, R 0 ), offer complementary approaches for identifying agents that induce protracted responses through PTHR1. Combining conformation-selective PTHR1 targeting and stability-enhancing backbone modifications could conceivably yield PTH derivatives with even more prolonged bioactivity profiles, and increased efficacy in maintaining steady-state blood calcium levels than derivatives identified using either approach alone for use in patients with PTH-deficiency disease.
Treating osteoporosis by activating PTHR1
Osteoporosis, which affects >40 million people in the USA, is the most common disorder treated with PTHR1-based therapies. 105, 106 Osteoporosis is characterized by decreased bone mass and altered bone microarchitecture, which results in an increased frequency of fractures (Table 1) . Antiresorptive agents that inhibit osteoclast-mediated bone resorption, such as bisphosphonates, are the most common therapeutics used for treating osteoporosis. However, these agents cannot restore bone mass or bone structure. PTH(1-34) (commonly known as teriparatide) can stimulate restoration of bone mass and is approved for the treatment of osteoporosis via once daily subcuta neous injections. 106 One limitation of PTH-based osteoporosis therapies is that hypercalcaemia can occur. 107 Such hypercalcaemia reflects the capacity of PTH administration to modulate the tight coupling of anabolic and catabolic processes in bone, as well as to stimulate the rates of renal calcium reabsorption and 1,25-dihydroxyvitamin D 3 production.
As PTHR1-mediated signalling through the cAMP-PKA pathway is associated with anabolic effects in bone tissue, 108 connections between the duration of cAMP signal generation, stimulation of extracellular calcium mobilization and promotion of bone anabolism are of particular interest from a therapeutic perspective. Consequently, the obser vation that ligands that tightly bind the R 0 state of PTHR1 stimulate prolonged cAMP responses in cell-based assays and, ultimately, stimulate enduring hypercalcaemia and net resorption of bone when administered in mice is of con siderable therapeutic importance. 63 A mechanistic inter pretation of these findings in the context of intact bone tissue is complicated by an incomplete characterization of the signalling and regulatory steps that connect cAMP for mation to processes that directly control bone anabolism and catabolism. Future studies to evaluate the link between temporal variations in the duration of cAMP signalling and the strength of downstream responses that promote bone anabolism (such as, growth factor production, inter cellular signalling molecule production and signalling through the Wnt pathway 109 ) might help in unravelling the paradox of the divergent effects of intermittent versus continuous PTH administration 110 and enable the design of PTH-based therapies with fewer adverse effects.
Agents that stimulate bone anabolism via PTHR1 signalling without also promoting bone resorption and hypercalcaemia could have improved therapeutic utility, but the mechanistic basis by which such an agent might be derived remains largely unknown. 111 The development of biased agonists of PTHR1 signalling could be one such approach. Surprisingly, DTrp 12 -PTH(7-34), which shows negligible activity in inducing G-proteinmediated cellu lar responses in PTHR1-expressing cells, can induce anabolic bone responses in mice without inducing bone resorption via a β-arrestin-dependent mechanism. 41 The utility of any such β-arrestin-based biased agonist for PTHR1 as an osteoporosis therapy remains to be established. 43, 112 Application of agents that have altered durations of action at PTHR1 by selectively targeting specific receptor conformations might be another means to promote bone anabolism without inducing excessive bone catabolism. This hypothesis seems especially attractive given the tendency of continuous PTH exposure to favour catabolic responses in bone, whereas intermittent PTH exposure favours anabolic responses at bone. 111 In this regard, it is intriguing that PTHrP binds more weakly than PTH to the R 0 state of PTHR1 and induces briefer biological responses, despite equivalent binding to the R G receptor state and identical cAMP signalling potencies. 60, 61 Subcutaneous injection of PTHrP(1-36) stimulated substantial bone growth with minimal induction of bone resorption and hypercalcaemia in a small (n = 41) clinical study. 113 A phase III clinical trial comparing the bone anabolic properties of an analogue of PTHrP(1-34), called abaloparatide, to PTH(1-34) (teriparatide) was completed in 2015. 114 In this trial, abaloparatide stimulated bone anabolic responses that were comparable to or stronger than those seen with teriparatide, but with a significantly reduced frequency of hypercalcaemia. 114 In vitro studies show that abaloparatide binds even more weakly than PTHrP to the PTHR1 R 0 receptor state, but retains high affinity for the R G state and has good cAMP bioactivity. 115 This reduced R 0 PTHR1 affinity might contribute to the weak calcium mobilization activity reported for abaloparatide in clinical trials. These findings underscore the potential therapeutic utility of PTH or PTHrP ligand analogues that have receptor conformation-selective binding profiles, and provide encouragement for identifying new analogues with even greater selectivity.
Conclusions
PTHR1 function is indispensable for proper tissue develop ment and maintenance of mineral ion homeostasis in humans. Efforts to characterize how PTHR1 performs these essential functions have provided mechanistic insights and have prompted a re-evaluation of how, where and when the signals from this GPCR are generated. New PTH ligand analogues have been developed that promote prolonged signalling responses by binding in a pseudoirreversible fashion to a G-protein-independent (R 0 ) PTHR1 conformation. Signalling mechanisms observed for such analogues have been difficult to reconcile with the classical model of ligand-stimulated initiation and termination of GPCR-mediated cAMP generation that occurs exclusively at the plasma membrane and suggests that PTHR1 signalling can also occur within endosomes. The extent to which such internalized signalling mechanisms might contribute to the biological responses mediated by the two naturally occurring ligands that activate PTHR1-PTH and PTHrP-in normal physiology and during disease states remain to be established. Development of new PTH ana logues with structural modifications in the peptide back bone that reduce protease sensitivity and prolong peptide bioavailability in the bloodstream offers another approach for evolving the therapeutic utility of PTH ligands. These ongoing efforts to optimize the PTH ligand scaffold and define mechanisms of binding and signalling at PTHR1 should enable a better understanding of how this peptide hormone-GPCR system functions in normal physiol ogy and how this system can be pharmaco logically modulated to produce new therapeutic agents for diseases such as hypoparathyroidism and osteoporosis.
